The present study was conducted to determine the optimal conditions for successful in vitro fertilization (IVF) in SpragueDawley (SD) rats. The IVF of oocytes from SD and Wistar rats was compared in different fertilization media (mR1ECM, IVF-20, and modified Krebs-Ringer bicarbonate solution [mKRB]), and IVF conditions were then optimized for oocytes of the SD strain. Results showed that in mR1ECM medium, fertilization rates were markedly lower in SD rats (15%) than in the Wistar strain (73%), although this response was significantly improved by increasing the NaCl concentration. In addition, fertilization rates in SD rats were higher in modified IVF-20 (73%) than in IVF-20 (18%) and mKRB (53%). In contrast, fertilization rates in Wistar rats were higher in IVF-20 and modified IVF-20 than in mKRB (78%, 74%, and 36%, respectively). Further investigation concerning the effects of the NaCl supplementation (10-40 mM) in IVF-20 on the fertilization of oocytes in the SD strain indicated that significantly higher percentages of oocytes were fertilized in IVF-20 supplemented with 30 mM NaCl (66%) and developed to the blastocyst stage (47%) in vitro. After transfer, embryos derived from this IVF system developed to term at a percentage comparable to that of in vivo-fertilized controls. In conclusion, differences exist in optimal IVF conditions between rat strains, and a modified culture medium has been successfully developed for assessment of the developmental competence of oocytes in SD rats. assisted reproductive technology, embryo, fertilization, gamete biology, in vitro fertilization
INTRODUCTION
In vitro fertilization (IVF) is an important approach for the study of basic physiological, morphological, and molecular events in gametes and during their interaction, and of propagation of animals that have been rendered infertile by mutations [1] . It is widely used in human infertility treat- [2, 3] and for the production of large numbers of embryos in the domestic animal industry [4, 5] .
Capacitated sperm and mature, unaged oocytes are two basic requirements for successful fertilization in vitro [6] . It has been demonstrated that genetic background is an important determinant in the in vitro response of oocytes [7] [8] [9] and spermatozoa [10] [11] [12] [13] , as observed in different species, including mice and rats, as well as in different strains of the same species. These factors may be responsible for the different environmental requirements for successful IVF in different strains and species. In the mouse, extensive studies have indicated that IVF rates vary greatly in mouse strains under the same IVF conditions, especially when cryopreserved sperm are used [10, [14] [15] [16] . However, in the rat, no study, to our knowledge, has reported the comparison of IVF conditions for different strains.
Studies of folliculogenesis in Sprague-Dawley (SD) rats have produced increased interest in assessment of the developmental competence of oocytes in this strain by IVF [17] [18] [19] . Although successful IVF in Wistar rats has been reported extensively [20] [21] [22] [23] [24] , information concerning IVF in SD rats is limited, which may, in part, be responsible for the difficulty in successfully applying this technique to the assessment of reproductive function in this species. Indeed, to our knowledge, only one such study has been reported [25] . Moreover, in that study, penetration and pronuclear formation with corresponding sperm tail were not assessed to determine fertilization. In contrast, the fertilization was determined by the number of 2-cell embryos at 36 h after gamete coculture, and the possibility that the low percentage of 2-cell embryos observed might have been caused by pathenogenetic activation could not be excluded. Furthermore, the developmental competence of the 2-cell embryos in vitro and pregnancy outcome following embryo transfer were not assessed.
Recent investigations have indicated that oocytes from Wistar and SD rats respond differently to pathenogenetic activation [8, 9] , suggesting that different strains of rats may have different optimal conditions for successful IVF. Therefore, in the present study, we compared the IVF requirements for two rat strains (SD and Wistar), and we defined the optimal conditions for successful fertilization in vitro of oocytes from the SD rat.
MATERIALS AND METHODS
All reagents were purchased from Sigma Chemical Company (St. Louis, MO) unless otherwise stated.
Animal Preparation
Female Wistar and SD rats (age, 21 days) were purchased from Charles River Canada (Montreal, PQ, Canada). Animals were then placed in polycarbonated cages with wood shavings on the floor in a room at a con- 
Medium
The mR1ECM used in the present study [26, 27] contained 76.7 mM NaCl, 3.2 mM KCl, 0.5 mM MgCl 2 ·6H 2 O, 2.0 mM CaCl 2 ·2H 2 O, 25.0 mM NaHCO 3 , 7.5 mM D-glucose, 0.5 mM sodium pyruvate, 10.0 mM sodium lactate, 0.1 mM glutamine, 2% (v/v) minimal essential medium (MEM) essential amino acid solution (50ϫ; Gibco BRL, Grand Island, NY), 1% (v/v) MEM nonessential amino acid solution (100ϫ; Gibco BRL), and 1.0 mg/ml polyvinylalcohol. Three fertilization media were used: 1) mR1ECM containing different NaCl (110-150 mM) and 4 mg/ ml of BSA (Fraction V) [21] , 2) IVF-20 (Vitrolife AB, Göteborg, Sweden) with different amounts of NaCl supplementation, and 3) modified KrebsRinger bicarbonate solution (mKRB) [21] . The IVF-20 contained calcium chloride, EDTA, glucose, human serum albumin, magnesium sulfate, penicillin G, potassium chloride, potassium dihydrogen phosphate, sodium bicarbonate, sodium chloride, sodium lactate, and sodium pyruvate (precise information on each component not available because of proprietary restriction). Drops of fertilization and culture media (400 l each) were covered with mineral oil (M-8410) in polystyrene culture dishes (60 ϫ 15 mm; Falcon 353002; Becton Dickinson, NJ) and equilibrated overnight at 37ЊC in 5% CO 2 in air.
Preparation of Sperm Suspension and Capacitation
Spermatozoa were obtained from adult males with a protocol described previously [22, 23, 28] . Briefly, one drop of dense mass of spermatozoa was introduced into the preequilibrated insemination media (400 l) described above. After warming in an incubator at 37ЊC in 5% CO 2 in air (ϳ5 min), 10-30 l of the sperm suspension were transferred into drops of insemination medium to attain a final sperm concentration of 1 ϫ 10 6 cells/ml. The diluted sperm suspensions were preincubated for 5-7 h at 37ЊC in 5% CO 2 in air for capacitation.
Hormone Administration and Collection of CumulusOocyte Complexes
Immature rats (age, 25-27 days) were injected with eCG (10 IU s.c.; G4877) and hCG (10 IU i.p.; CG-5) 48 h later. Fourteen hours after hCG injection, animals were killed by cervical dislocation under anesthesia by isoflurane USP (Abbott Laboratories, Montreal, PQ, Canada) [20, 22, 23] . Oviducts were isolated, removed of the surface liquid and blood with a piece of sterilized filter paper, and placed into dishes containing diluted sperm suspensions. The cumulus-oocyte complexes in the oviducts were carefully released into the sperm suspensions and kept at 37ЊC under 5% CO 2 in air for 12 h.
In Vitro Fertilization
Penetration, polyspermy, and pronuclear formation were examined as described previously [20, 23, 28] . Briefly, after incubation with sperm suspensions at 37ЊC under 5% CO 2 in air for 12 h, eggs were transferred into 100 l of culture medium and freed from surrounding cumulus cells by being drawn up repeatedly into a fine pipette. The denuded eggs were placed in the center of four vaseline spots on a glass slide, compressed gently with a cover-slip, fixed briefly with 2.5% glutaraldehyde in phosphate buffer solution and 10% neutral formalin at room temperature for 2-6 h, stained with 0.1% orcein in 45% acetic acid, and examined by phase-contrast microscopy. Eggs were considered to be penetrated if a spermatozoon tail could be visualized in the perivitelline space or if the eggs had pronuclei with sperm tail(s) in the vitellus [20] . Eggs containing two or more enlarged sperm heads or male pronuclei with corresponding tail in the vitellus were considered to be polyspermic [29] .
To compare IVF of oocytes between Wistar and SD rats using mR1ECM supplemented with varied concentrations of NaCl, cumulusoocyte complexes from the two strains were cocultured with sperm in the mR1ECM with 110, 140, and 150 mM NaCl. The osmolarity of media was measured by a VAPRO Vapor Pressure Osmometer 5520 (Mandel Scientific Company, Inc., Guelph, ON, Canada). In addition, based on the results of the above experiment, IVF outcomes of oocytes between the two rat strains were also compared in IVF-20, modified IVF-20 with 33 mM NaCl, and mKRB. Furthermore, cumulus-oocyte complexes of SD rats were also cocultured with sperm in IVF-20 supplemented with 0, 10, 20, 30, or 40 mM of NaCl for 12 h to determine the optimal NaCl concentration for IVF.
Embryo Culture
The culture of embryos and examination of their development were conducted as described previously [22, 23, 26] . Briefly, eggs were freed from cumulus cells 12 h after insemination, washed 15 times with culture medium, and observed under a phase-contrast microscope for evidence of fertilization. Ten to 20 eggs with female and male pronuclei and corresponding tail were transferred into 400 l of culture medium and cultured at 37ЊC under 5% CO 2 in air for 5 days. Blastocyst cell numbers were counted following Hoechst 33342 epifluorescein staining as described previously [30] .
To assess the developmental competence in vitro, zygotes fertilized in IVF-20 supplemented with 0, 10, 20, 30, or 40 mM of NaCl were cultured in mR1ECM. The rates of embryos that had developed to the 2-cell, 4-cell, and blastocyst stages were determined at 24, 72, and 120 h of culture, respectively.
Embryo Transfer
To determine the developmental competence in vivo of embryos fertilized in vitro in IVF-20 supplemented with optimal NaCl, 1-cell embryos from IVF in IVF-20 with optimal NaCl (30 mM) were transferred into the oviducts of recipients after induction of pseudopregnancy as described previously [22, 23] . As controls, embryos from in vivo fertilization were also transferred. These embryos were collected from eCG-primed, immature female rats the day after hCG injection and were paired with adult males. Briefly, female rats (age, 72-82 days; weight, 230-300 g) with at least two consecutive, regular, 4-day estrous cycles immediately before study were stimulated vaginally three times (on and off for 3 sec, respectively) in the afternoon of proestrus and on the morning of estrus (Day 1) with a plastic rod connected to two electrodes (24 V AC). Nine to 10 embryos at the 1-cell stage were transferred to the oviducts of each recipient at Day 1. Vaginal smears of recipients were examined on Days 1, 4, and 12-14 after transfer to confirm successful induction of pseudopregnancy and signs of pregnancy, respectively. Recipients that showed estrus on the fourth day were considered to be nonpseudopregnant and were excluded from the present study. Females were killed if they were pregnant but did not deliver an offspring by Day 24 of pregnancy, and their uterine horns were examined for implantation sites. Offspring were counted and the body weight measured on the day of parturition.
To determine the fertility of rats derived from IVF, these animals were mated at 3 mo of age with SD males or females. Offspring were counted and weighed.
Statistical Analysis
Data in Tables 1-5 were analyzed by the chi-square test; data in Table  6 were analyzed by the Student t-test. Differences at P Ͻ 0.05 were considered to be statistically significant. Values are mean Ϯ SEM throughout. 
RESULTS

Effects of NaCl Concentrations in mR1ECM on IVF of Oocytes from Wistar and SD Rats
In mR1ECM medium with 110 mM NaCl, higher percentages of oocytes (79% vs. 15%) were penetrated by either one or more sperm (polyspermy) and developed to pronuclei in Wistar rats than in SD rats (P Ͻ 0.05). The increase of NaCl concentrations to 140 and 150 mM in the fertilization medium markedly decreased the rates of oocyte penetration and development to pronuclei in Wistar rats (P Ͻ 0.05). However, in SD rats, 140 mM NaCl significantly increased these responses (P Ͻ 0.05), although the rate of polyspermy was also higher ( Table 1) .
Effects of Different Fertilization Media on IVF of Oocytes in Both Wistar and SD Rats
The IVF of oocytes in Wistar and SD rats was assessed in IVF media of IVF-20, modified IVF-20, and mKRB (Table 2). In Wistar rats, the percentages of oocytes penetrated and those developed to pronuclei were markedly higher in IVF-20 and modified IVF-20 (IVF-20 ϩ 33 mM NaCl) than in mKRB (P Ͻ 0.05), although no significant difference in the rates of polyspermy was observed among the three media. In SD rats, however, the percentages of oocytes penetrated were markedly higher in modified IVF-20 and mKRB than in IVF-20 (84%, 73%, and 55%, respectively; P Ͻ 0.05). In addition, the percentages of oocytes with normal pronuclear formation were significantly higher in modified IVF-20 than in IVF-20 and mKRB (73%, 53%, and 18%, respectively; P Ͻ 0.05). In contrast, the percentage of oocytes with polyspermy was markedly lower in modified IVF-20 than in IVF-20 and in mKRB (5%, 18%, and 13%, respectively; P Ͻ 0.05) ( Table 2) .
Effects of Different Concentrations of Supplemented NaCl in IVF-20 on IVF of Oocytes in SD Rats
The IVF of oocytes in SD rats was determined in IVF-20 supplemented with 10-40 mM NaCl ( Table 3 ). The percentages of oocytes penetrated and of those with normal pronuclear formation were markedly higher in IVF-20 supplemented with 30 mM NaCl (75% and 66%, respectively) than with other concentrations (19-48% and 14-34%, respectively; P Ͻ 0.05), although no significant difference was noted in the rates of polyspermy between the groups (Table 3) .
Effects of Varied NaCl Concentrations in IVF-20 Medium on In Vitro Development of Oocytes in SD Rats
Higher percentages of oocytes developed to the 2-and 4-cell stages when fertilized in IVF-20 supplemented with 20 mM NaCl (97% and 77%, respectively) or 30 mM NaCl (100% and 72%, respectively) than in other NaCl concentrations (76-88% and 23-36%, respectively; P Ͻ 0.05) (Table 4). Furthermore, the percentage of embryos derived from IVF in IVF-20 supplemented with 30 mM NaCl developed to blastocysts was higher than those in other groups (P Ͻ 0.05). No significant differences were noted in the rates of the 2-cell stage embryos and of blastocysts between IVF in IVF-20 supplemented with 30 mM NaCl and in vivo-fertilized embryos. In addition, no significant differences were noted in the cell numbers of blastocysts developed from oocytes fertilized in IVF-20 supplemented with 30 mM NaCl and those fertilized in vivo (P Ͼ 0.05) ( Table  4) .
In Vivo Development of IVF Embryos
All recipients transferred with embryos from either IVF or in vivo fertilization established pregnancy. Surprisingly, the percentage of pregnant recipients delivering offspring was significantly higher (100%) when IVF embryos were transferred than when embryos from in vivo fertilization were transferred (75%, P Ͻ 0.001). Two pregnant recipients receiving embryos from in vivo fertilization did not deliver an offspring by Day 24 after transfer and had four and seven implantation sites in their uterine horns, respectively. No significant differences were observed in the percentages of transferred embryos developing to term, sex ratios of offspring, and body weight at birth between the two groups ( Table 5) .
Fertility of Rats Derived from IVF
Of the 37 rats (21 males and 16 females) born from IVF embryos, 31 (19 males and 12 females) were paired with females or males at 3 mo of age and then killed at 4 mo of age after delivery of F1 offspring. No obvious abnormalities were noted in any of these animals, which had a body weight of 342.3 Ϯ 12.0 g at 4 mo of age, comparable to that of controls (332.9 Ϯ 10.5 g), in females. After being paired with males, all IVF embryo-derived females became pregnant after mating and delivered normal offspring, with an average litter size (14.8 Ϯ 0.7) comparable to that of controls (15.1 Ϯ 1.0). No differences were noted in body weight and sex ratio of F1 offspring between IVF-derived females and controls (Table 6) .
DISCUSSION
The present study demonstrates that differences in IVF conditions exist between rat strains and that successful IVF can be achieved in the SD rat using a currently available medium (IVF-20) with a simple modification. Although the detailed mechanisms for the different requirements of successful IVF between rat strains remains unknown, genetic background and components in the medium may be major factors. It has been demonstrated that a genetic influence exists on the variability of water permeability and its activation energy of oocytes in mice and hamsters [7] . Recent studies in rats have shown that oocytes from Wistar and SD strains response differently to pathenogenetic activation [8] . Oocytes from the SD strain were more resistant to the strontium treatment than were those from the Wistar strain, and the overall activation efficiency was higher for SD oocytes [8] . However, when oocytes were electrically stimulated and then treated with 6-dimethylaminopurine, more activated oocytes from Wistar-Imamichi strain developed to the 2-cell and blastocyst stages than did those from the SD rats [9] . In addition, fertilized rat eggs of the SD outbred strain had a high capability of developing from the 1-cell to the blastocyst stage, whereas those of the SD inbred strains performed much more poorly [31] . Extensive studies have indicated that IVF rates vary greatly in mouse strains under the same IVF conditions, especially when cryopreserved sperm are used [10, [14] [15] [16] . Differences in osmotic sensitivity of spermatozoa from different genetic backgrounds have been observed in mice [10] , cattle [11] , humans [12] , and pigs [13] . In addition, differences exist between mitochondrial function of spermatozoa from the two mouse strains [32] . Therefore, differences in genetic background between two rat strains may lead to differences in characteristics of spermatozoa (i.e., integrity of plasma membranes and acrosome and mitochondrial function) and, thus, in their osmotic tolerance, as reported previously [10] , although this possibility needs to be investigated further.
It has also been reported that an increase of NaCl concentration in the medium is important for sperm penetration in Wistar rat IVF. High NaCl concentrations (100-130 mM) in mR1ECM medium significantly increased the percentages of oocyte penetration compared with those of other NaCl concentrations [21] . In the present study, we confirmed that oocytes from Wistar rats have high fertilization rates in mR1ECM with 110 mM NaCl, indicating that our IVF system is optimal for the Wistar strain, as reported previously [22, 23] . However, in SD rats, few oocytes were fertilized in this condition. Higher NaCl concentrations significantly improved the fertilization, although penetration and pronuclei formation rates were still low. These findings suggested that IVF of oocytes in SD rats requires a medium not only with a high NaCl concentration but also with some essential components that are absent in mR1ECM. Therefore, we compared the effects of two other media (mKRB and IVF-20) on the fertilization of oocytes in SD rats and Wistar rats. The mKRB has been widely used in rat IVF with Wistar and CD strains [20, 21, 28, 29, 33] . Currently, IVF-20 is used extensively in human IVF and embryo cultures [34] [35] [36] [37] [38] . In the present study, significantly high polyspermic rates were evident with both mKRB and IVF-20 in the SD group, as has previously been reported in the Wistar strain [21, 28] . Further investigations indicated that when 30 mM NaCl was added in IVF-20, penetration and pronuclei formation rates were high and comparable to those reported in the Wistar strain [21] . Oocytes fertilized in this optimal condition developed to blastocysts at a markedly higher percentage (47%) than in other groups and at a rate comparable to that (51%) in other studies [28] . These embryos also developed to term after embryo transfer at a percentage similar to that of embryos fertilized in vivo, which was comparable to the finding (44%) of Jiang et al. [22] , and higher than that (21%) reported by Toyoda and Chang [20] . These findings suggest that one or more components in IVF-20 and a high NaCl concentration are necessary for successful IVF in this rat strain, although further investigations are needed to define the identity of these essential components and how they are crucial in this process.
The SD strain is a popular rat model used in studies of folliculogenesis, oocyte maturation, and reproductive toxicology [17] [18] [19] [39] [40] [41] [42] [43] [44] . These studies usually require use of IVF to assess quality of oocytes or sperm as well as overall fertility and reproduction [45] [46] [47] . Unlike IVF in mice, however, IVF is difficult to conduct in the SD strain [25] . This difficulty led many research groups to use zona pellucida-free oocytes to assess the fertility of oocytes [39, 48] or sperm [45, 49] . The limited availability of media that can support rat IVF is, in part, responsible for the relative lack of progress in this area for this species. To our knowledge, only mKRB and mR1ECM have been used for rat IVF [20-22, 28, 29, 33] . The present study demonstrated, to our knowledge for the first time, that IVF-20, a commercial medium widely used in human IVF, can be successfully applied to IVF in Wistar rats as well as in the SD strain if supplemented with NaCl. This may result from the glucose [50, 51] , human serum albumin [28, 52] , phosphate [28, 53] , and NaCl [21] contained in this modified medium (or from its osmolarity [54, 55] ), because they are crucial for the sperm acrosome reaction and successful fertilization. The IVF-20 is formulated according to the ''low-glucose and low-phosphate'' principle of culture media for IVF, embryo culture, and embryo transfer in humans. Its successful application makes SD rat IVF easier, simpler, and more repeatable. Indeed, this system is now used to assess the fertilization and subsequent developmental competence of oocytes from SD rat follicles following different treatments to define potential biomarkers of oocyte quality (data not shown).
Studies of human IVF have shown that infants conceived in this way have twice the risk of a major birth defect as naturally conceived infants. These defects include low birth weight and preterm delivery [56] . However, in the present study, none of these defects were found in offspring derived from IVF embryos, and no difference was observed in the birth weight of pups between IVF and in vivo-fertilized controls. These IVF-derived pups did not show any obvious abnormalities until 4 mo of age, when killed. They showed normal fertility with an average litter size comparable to that of controls.
In conclusion, differences exist in IVF conditions between rat strains. Oocytes of Wistar rats respond well to IVF in varied conditions, including mR1ECM with 110 mM NaCl and IVF-20 with or without a supplement of 33 mM NaCl. However, in SD rats, successful IVF of oocytes was achieved only in IVF-20 supplemented with 30 mM NaCl. Oocytes fertilized in vitro in this optimal condition developed to blastocysts in vitro and to normal fertile offspring in vivo. These findings suggest that the optimal conditions for rat IVF may provide a valuable experimental tool that will allow the assessment of developmental competence of oocytes in both Wistar and SD rats.
